We study unpolarized cross sections for the endothermic nonresonant reactions:
Introduction
Heavy ion collisions at the Relativistic Heavy Ion Collider (RHIC) and at the Large Hadron Collider (LHC) produce interesting hadronic matter which final state can be detected. The simplest quantity measured is the ratio of p T -integrated midrapidity yields for mesons. For central Au+Au collisions at √ s N N =200 GeV ratios from the PHENIX Collaboration are π − /π + =0.984, K − /K + =0.933, K + /π + =0.171, and K − /π − =0.162 [1] . The STAR Collaboration obtained ρ 0 /π − =0.169 for peripheral Au+Au collisions at √ s N N =200 GeV [2] , ρ 0 /π − =0.23 for midcentral Cu+Cu collisions at √ s N N =200 GeV [3] , and K * 0 /K − =0.2 for central Au+Au collisions at √ s N N =200 GeV [4] . For central Pb+Pb collisions at √ s N N = 2.76 TeV ratios from the ALICE Collaboration are π − /π + =1,
. 15 , and K − /π − =0.15 [5] . The ratios indicate that pions, rhos, and kaons are dominant species in hadronic matter. In the present work we concern ourself about nonresonant reactions among π, ρ, K, and K * mesons, and focus on cross sections for the endothermic nonresonant reactions: ππ → ρρ for I = 2, KK → K * K change process. With a choice of Gaussian quark-antiquark wave functions the experimental data of S-wave elastic phase shifts for ππ scattering for I = 2 and Kπ scattering for I = 3/2 in vacuum can be reproduced [6, 7] . Good quark-antiquark wave functions are solutions of the Schrödinger equation with a quark potential developed from QCD. Since nonperturbative QCD is not solved, the quark potential is not unique. Meson-meson nonresonant reactions have been studied in different quark potential models. Dissociation cross sections of charmonia in collisions with π and ρ mesons were calculated in
Refs. [8, 9] with the color Coulomb, spin-spin hyperfine, and linear confining interactions.
In a quark model with the potential that arises from one-gluon exchange plus perturbative one-and two-loop corrections at the short distance and exhibits a linear form at the long distance, we calculated unpolarized cross sections for the seven nonresonant reactions in vacuum [10] . Hadronic matter attracts our attention from the nonresonant reactions in vacuum to those in medium. One effect produced by high-temperature medium is that the linear confinement at the long distance is replaced by a distance-independent value which depends on temperature [11] . In Ref.
[10] the spin-spin interaction contains the Fermi contact term and the term that originates from the perturbative one-and two-loop corrections to the one-gluon exchange [12] . The Fermi contact term contains the function δ 3 ( r)
which can not be used in the Schrödinger equation. Then, quark-antiquark wave functions are given by the Schrödinger equation with only the central spin-independent potential, and π and ρ mesons (K and K * ) have identical quark-antiquark relative-motion wave functions. In the present work the function δ 3 ( r) in the Fermi contact term is smeared to include relativistic effects as done in Refs. [13, 14] for meson spectra and in Refs. [8, 9] for charmonium dissociation cross sections in vacuum. This smearing significantly changes temperature dependence of π and K masses, and causes different quark-antiquark relativemotion wave functions of π and ρ mesons (K and K * ). Hence, the cross sections for the seven nonresonant reactions are expected to change significantly. Now we have arrived at a potential that is given by perturbative QCD with loop corrections at the short distance, becomes a distance-independent and temperature-dependent potential at the long distance, and has the one-gluon-exchange spin-spin interaction smeared. The potential leads to interesting temperature-dependent cross sections for charmonium dissociation in collisions with pions and rhos in hadronic matter [15] . Therefore, we must calculate the cross sections for the seven nonresonant reactions with the quark potential. This is the subject of the present work.
This paper is organized as follows. In the next section we present the potential of which the short-distance part is given by perturbative QCD and of which the long-distance part is provided by the lattice calculations. Temperature-dependent meson masses and mesonic quark-antiquark relative-motion wave functions are obtained from the Schrödinger equation with the potential. In Sec. 3 cross-section formulae are presented, numerical unpolarized cross sections are displayed and parametrized, and relevant discussions are given.
Finally, we summarize the present work in Sec. 4.
Meson masses
The potential includes a central spin-independent potential and the smeared spin-spin interaction. The central spin-independent potential is
which shows the feature that the potential at long distances is a distance-independent value which decreases with increasing temperature. At short distances no medium screening sets in, and V si is the potential arising from one-gluon exchange plus perturbative oneand two-loop corrections. The loop corrections are a relativistic modification to the onegluon-exchange central spin-independent potential (the color Coulomb interaction). In the potential r is the relative coordinate of constituents a and b, and λ= is defined as [16] :
where the quantity ρ(
16π 2 α ′ is from the one-gluon exchange plus the perturbative one-and two-loop corrections, and Q equals the absolute value of the gluon momentum Q.
The smeared spin-spin interaction is [15] 
where s a ( s b ) and m a (m b ) are the spin and mass of constituent a (b), respectively, and
with σ 0 = 0.15 GeV and σ 1 = 0.705.
The first term in the spin-spin interaction is a modification (smearing) of the Fermi
that comes from the one-gluon exchange between constituents a and b. The smearing is achieved by the regularization δ
The use of the Fermi contact term in the Schrödinger equation makes it impossible to solve the equation. However, the smearing overcomes the difficulty and in addition incorporates relativistic effects [8, 9, 13, 14] . The second term originates from the perturbative one-and two-loop corrections to the one-gluon exchange. The loop corrections are a relativistic modification to the one-gluon-exchange spin-spin interaction. The potential
The smeared spin-spin interaction given in Eq. (2) plus the central spin-independent potential given in Eq. (1) 
The parametrization of the π mass should be used to replace that given in Eq. (26) of Ref. [15] , which is valid for 0.6 ≤ T /T c < 0.97.
In coordinate space the quark potential
is used in the Schrödinger equation. But in some cases, for example, in calculations of cross sections, the quark potential in momentum space is convenient. The potential in momentum space is the Fourier transform of V ab ( r):
Cross sections, numerical results and discussions
Because of the temperature dependence of the quark potential, the meson masses and mesonic quark-antiquark relative-motion wave functions are temperature-dependent.
Now we are ready to use the temperature dependence of the potential, masses and wave functions to obtain temperature dependence of cross sections for the endothermic non-
A. Cross-section formulae for meson-meson reactions
When hadron-hadron scattering is studied, the center-of-mass motion of the two hadrons needs to be separated to avoid frame-dependent results. One starts the study from a relativistic Hamiltonian or a nonrelativistic Hamiltonian. It is impossible to separate off the center-of-mass motion of the two scattering hadrons without taking any approximation in the relativistic Hamiltonian, i.e., one can not change the relativistic
Hamiltonian [19] so that some terms contain the center-of-mass coordinate and the other terms do not. We may keep quark wave functions as Dirac spinors and the potential in a relativistic form, and replace the relativistic kinetic energy of each quark by the nonrelativistic kinetic energy; the center-of-mass coordinate can then be separated off, and relativistic effects still exist [19] . There is not unique relativistic formalism in treating hadron-hadron scattering. Because nonrelativistic quark models have the advantages:
clear exhibition of hadron structures, easy formulation, effective explanation of a good many experimental data, and useful applications in many problems, as shown in Sec. 2,
we establish the quark potential that is the one-gluon-exchange central spin-independent potential plus relativistic modifications, and use wave functions that are solutions of the Schrödinger equation with the relativized potential. The relativistic modifications are the perturbative one-and two-loop corrections to the gluon propagator [12, 16] and the smearing in the spin-spin interaction [13] . With the relativized potential the center-ofmass motion is still exactly separated off. The center-of-mass system is thus chosen to conveniently study meson-meson scattering q 1q1 + q 2q2 → q 1q2 + q 2q1 , and cross sections depend on the momentum P of the initial meson q 1q1 and the momentum P ′ of the final meson q 1q2 . P and P ′ are related to the Mandelstam variable s = (P q 1q1 + P q 2q2 ) 2 by
where m q 1q1 and P q 1q1 = (E q 1q1 , P q 1q1 ) are the mass and the four-momentum of meson q 1q1 , respectively. Similar notations are established for mesons q 2q2 , q 1q2 and q 2q1 .
The cross section for q 1q1 +q 2q2 → q 1q2 +q 2q1 in the center-of-mass system is expressed
where S is the total spin of either the two incoming mesons or the two outgoing mesons, m S is the magnetic projection quantum number of S, M fi is the transition amplitude, θ is the angle between P and P ′ , and the Mandelstam variable t = (P q 1q1 − P q 1q2 ) 2 . The 
where ψ ab ( p ab ) is the product of color, spin, flavor and relative-motion wave functions of constituents a and b, and satisfies
, where p ab is the relative momentum of a and b.
Cross sections corresponding to the scattering in the prior form and in the post form are
and
respectively. The unpolarized cross section for q 1q1 + q 2q2 → q 1q2 + q 2q1 is
where S q 1q1 and S q 2q2 are the spins of q 1q1 and q 2q2 , respectively. Even though the unpolarized cross section is calculated in the center-of-mass system, its frame independence and its dependence on the Mandelstam variable ensure that it can be used in any frame.
B. Numerical results
In Figs. 2-8 we plot unpolarized cross sections for the following nonresonant reactions: The parameters a, b, and c are adjusted to get the height, the width of the peak, and the peak's location on the √ s-axis. The function with one peak can well fit some curves of which each has a peak, but is completely not enough to fit a curve with two peaks. To remedy this, we use a sum of two functions
to get a satisfactory fit. This parametrization contains two terms. No more terms are Tables 1 and 2 .
C. Discussions
While √ s increases,
sin θ in the cross-section formula decreases slowly near the threshold energy and rapidly in the other region, and by contrast the
increases very rapidly and decreases moderately. The peak of
locates in the slowly-changing region of
Therefore, the peak of any curve in Figs. 2-8 near the threshold energy corresponds to the peak of
. In the present work we deal with meson-meson nonresonant reactions at low meson energies. Generally, only a small number of partial waves contribute to low-energy reactions [23] . Around the peak near the threshold energy, s waves of the scattering constituents (quarks and/or antiquarks) contribute to the cross section. While √ s is away from the threshold energy, p waves make a contribution to the cross section if a new peak is obvious, and d waves do if one more new peak is obvious. Now we pay attention to changes of peak cross sections with respect to temperature in Figs. 2-8. The peak cross sections of ππ → ρρ for I = 2, KK → K * K * for I = 1, 
Summary
We have established the quark potential which is given by perturbative QCD with loop corrections at the short distance, becomes distance-independent and temperaturedependent at the long distance, and has the one-gluon-exchange spin-spin interaction 
